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We present the analysis of the spin signals obtained in NiFe based metallic lateral spin valves.
We exploit the spin dependent diffusive equations in both the conventional 1D analytic modeling
as well as in 3D Finite Element Method simulations. Both approaches are used for extracting the
spin diffusion length lNsf and the effective spin polarization Peff in Py/Al, Py/Cu and Py/Au based
lateral nano-structures at both 300K and 77K. Both the analytic modeling and 3D Finite Element
Method simulations give consistent results. Combination of both models provides a powerful tool
for reliable spin transport characterization in all metallic spin valves and gives an insight into the
spin/charge current and spin accumulations 3D distributions in these devices. We provide the
necessary ingredients to develop the 3D finite element modeling of diffusive spin transport.
I. INTRODUCTION
Lateral Spin Valves (LSVs) are promising candidates
for future spintronics applications; to separate spin and
charge current and to test the first two building blocks
of a spin FET device [1] : the spin injector and the spin
detector. The ability to fabricate lateral devices allows,
as well, to gain in design flexibility, of both ferromag-
netic and non magnetic elements [2]. When characteriz-
ing spin dependent transport in LSVs, many effects need
to be taken into consideration, such as the quality of the
interface, the interfacial resistance, the surface of con-
tact, the spin flip at surfaces and interfaces, to name a
few [3–7]. Moreover, one needs to take into account the
possible deviation of charge current path related to ei-
ther the geometry [8] or the difference in resistivities of
the used materials. 3D modeling was proven to be essen-
tial for a proper analysis of the Spin Hall Effects [9], and
therefore its development is of a great importance. So
far, 1D modeling has been mainly used for the quantita-
tive estimation of the spin dependent transport in lateral
spin valves, except in the work of Harmle et al [8] where
the authors used 3D network of resistors to analyze the
spin signal of Py/Cu LSV’s having wide Cu channels. In
this paper we present the 3D modeling of spin dependent
transport in the lateral metallic nano-structures based
on the Finite Element Method simulations, and compare
it with the standard 1D analytical modeling. Our study
validate the 1D approach for a fast parameter extraction
in metallic and interface transparent LSVs, and provides
the necessary ingredients to develop such modeling using
open access softwares. This allows us to report consis-
tent values of the spin diffusion length of the non mag-
netic materials and the effective spin polarization of Py
in Py/Al, Py/Cu and Py/Au based lateral spin valves at
both 300K and 77K.
II. DEVICES PREPARATION AND
EXPERIMENTAL RESULTS
In order to characterize the spin dependent transport
by extracting the spin diffusion length lNsf and the effec-
tive spin polarization Peff , Lateral Spin Valves (LSV)
with different separation L (from center to center) of the
ferro-magnetic electrodes were fabricated using both the
multi-angle method [10] (Al and Au based samples) or
the multi-level method (Cu based samples). The multi-
level method consists in two sets of processes: lithogra-
phy, deposit and lift-off of the ferro-magnetic (F) mate-
rial, followed by the same steps for the non-magnetic (N)
material. Importantly the multi-level nano-fabrication
process requires the cleaning of the F/N interface by ion-
milling before the deposition of the non-magnetic chan-
nel. In contrast, in the case of the multi-angle evapo-
ration technique [14–16], the sample is kept in vacuum
between the F and N wire depositions and hence for
the F/N interface fabrication. This ensures good con-
tacts quality, without the need of interface cleaning be-
tween the deposition of the ferromagnet and of the non-
magnetic channel.
First the 15nm thick and 50nm wide Permalloy stripes
are deposited on the silicone substrate, followed by the
deposition of the 50nm wide non-magnetic channel. In
the case of the multi-angle nano-fabrication method the
thickness of N is 60nm, and in the case of multi-level
method this thickness is increased to 80nm. Microscopic
Ti(5nm)/Au(100nm) contact electrodes are used to con-
nect the active part of the devices. Figure 1 represents
the Scanning Electron Microscope (SEM) images of typi-
cal nano-devices fabricated using (a) the multi-angle and
(b) the multi-level methods.
For both nano-fabrication methods, in order to distin-
guish the switching fields of the ferromagnetic electrodes
(injector and detector), we added a nucleation pad to one
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Figure 1. SEM image of the Lateral Spin Valve device fab-
ricated using (a) multi-angle evaporation technique, and (b)
multi-level technique. The ferro-magnetic electrodes and the
non-magnetic channel have been colored using the red and yel-
low colors respectively.
of the ferromagnets. This eases the nucleation process of
the electrode, allowing the switching of its magnetization
direction at a lower magnetic field [10].
The spin signal amplitude has been measured as a func-
tion of the distance L, varying from 100 nm to 1 µ m
for samples with Al, Cu and Au non-magnetic chan-
nels, at both 300K and 77K. For these three types
of LSVs, a standard lock-in amplifier measurement tech-
nique has been used with 79Hz and 100µA ac current
to measure the in-phase component of the voltage output
with a magnetic field oriented along the ferromagnetic
wires. The charge current injection and the voltage de-
tection have been performed on the same side of the non-
magnetic channel using the non-local technique depicted
in fig. 2a. The values of the spin signal amplitudes, ∆Rs
being the change of measured voltage divided by the in-
jected current, are reported in Figure 2. This allows us
to vary both the distance and the spin signals by at least
one order of magnitude. We measured non-local spin sig-
nal ranging from 0.3mΩ for Py/Au to 24mΩ for Py/Cu
based devices (fig. 2).
III. EXTRACTION OF CHARACTERISTIC
TRANSPORT PARAMETERS FROM 1D MODEL
The spin diffusion length (lNsf ) and the effective permal-
loy stripes polarization (Peff ) are obtained by studying
the gap dependence of the spin signal. Assuming trans-
parent interfaces between the non-magnetic channel and
the ferromagnetic electrodes, the spin signal ∆Rs is ex-
pressed by a 1D spin diffusion model as [11]:
∆Rs =
4RN (PeffRF )
2
(RN + 2RF )
2
eL/l
N
sf −R2Ne−L/l
N
sf
(1)
Here RN(F ) = ρN(F )l
N(F )
sf /AN(F )(1 − P 2F ) stands for
the spin resistances, where: AN = wN × tN , ρN(F ),
l
N(F )
sf , tN , wN(F ), AN(F ) are the resistivity, the spin dif-
fusion length, the thickness, the width and the cross sec-
tional area. The F and N subscripts corresponds to the
ferro-magnetic and non-magnetic material respectively.
Note that for the devices made by the multilevel method
AF = wF ×wN , while for those made by the multi-angle
method, AF = (wF + 2tF )×wN to take into account the
conductivity of the sides of the electrodes, with wF , tF
the width and thickness of the electrode.
Figure 2 represents the experimental data-points
(dots) of the spin signal amplitude as a function of dis-
tance L and fits using 1D (red and blue dashed lines) and
3D (green triangles) models for (a) Py/Au, (b) Py/Cu
and (c) Py/Al nano-structures. The data-points recorded
at 300K and 77K are represented by red and blue colors
respectively. In the case of Py/Au based samples, only
low-temperature and L ≤ 600 nm measurements were
possible since the amplitude of the spin signal at 300K
and large L was too small to be reliably detected. The
estimated resistivities for Al, Cu and Au at room tem-
perature are 30 Ω.nm, 35 Ω.nm, 35 Ω.nm and at 77K are
15 Ω.nm, 25 Ω.nm, 25− 30 Ω.nm respectively. The resis-
tivity and spin diffusion length of Py are 300± 30 Ω.nm
and 5.2 ± 2nm at room temperature, and at 10K are
220± 12 Ω.nm and 5.8± 2nm [12].
The experimental data-points have been fitted with
two free parameters: Peff and lNsf . Peff stands for the
effective spin polarization, it is basically a reduced bulk
polarization as it includes the depolarization by spin flip
events at the interface: the spin memory loss. Peff is
then smaller than the obtained bulk polarization. The
spin memory loss can have various origins: spin preces-
sion due to the magnetic stray field at rough interface,
the inter-diffusion between F and N materials or param-
agnetic impurities [13].
Summary of the fits results for the above mentioned
samples-sets using 1D model are presented in table I. The
longest spin diffusion length lNsf has been extracted for
Py/Al then for Py/Cu, and the smallest lNsf was extracted
for Py/Au based structures. The extracted parameters
3Figure 2. Experimental data-points as a function of distance
L for 77K (blue dots), altogether with the fit results using the
1D model described by the equation (1) (dashed curves) and
the FEM simulations results (green triangles) for (a) Py/Au
(b) Py/Al and (c) Py/Cu based nano-structures. The dark
dashed lines corresponds to the spin signals obtained with the
uncertainties given in table 1 for the corresponding material
combinations. The insert in (a) corresponds to the non-local
measurement configuration, the non-magnetic wire in yellow
and the ferromagnetic electrodes in grey.
for Py, Al and Cu are in good agreement with what can
be found in literature for similar nano-structures[20–24],
and we find a quite long spin diffusion length (≈ 140 nm)
for Au at low temperature.
Regarding the effective spin polarization Peff , the
highest value at 77 K was extracted for Py/Cu and Py/Al
and the smallest one for Py/Au based devices. This
means that in the case of Py/Cu and Py/Al devices, the
spin injection into the non-magnetic material is more ef-
ficient than in Py/Au at 77 K. It also appears that the
spin injection efficiency is similar for Py/Al and Py/Cu
at 300 K and 77 K.
material Peff l
N
sf [nm] ρ[Ωnm] T [K]
Py/Al
0.22± 0.01 450± 90 30 300
0.32± 0.01 1100± 300 15 77
Py/Cu
0.22± 0.01 300± 60 35 300
0.31± 0.03 900± 80 25 77
Py/Au 0.26± 0.01 140± 30 27± 3 77
Table I. Representation of the fit results (for a given temper-
ature) obtained by using equation (1) for Py/Al, Py/Cu and
Py/Au LSV sample’s data-sets.
IV. FINITE ELEMENTS METHOD
SIMULATIONS
The FEM simulations have been performed using:
GMSH [25], a three-dimensional finite element mesh gen-
erator, and GetDP the finite element method (FEM)
solver [26, 27]. A collinear approach has been used for
simplicity, which is equivalent to the case of two oppo-
site magnetization orientations along a chosen axis. It al-
lows us to access the situation of parallel and anti-parallel
alignment of the ferromagnetic electrodes. In this formu-
lation we choose a current density j to represent a flow
of spins, otherwise it would represent the electric current
density, and the sign of following equations would have
to be changed.
Formulation The FEM calculations are based upon
the diffusive transport equations, where the currents of
carriers with up and down spins have been derived from
the electro-chemical potentials µ↑(↓), with different con-
ductivities σ↑ and σ↓. In this image the current densities
can be expressed in the following form:
−→
j↑ = σ↑
−→∇µ↑ = σ 1+P2
−→∇µ↑
−→
j↓ = σ↓
−→∇µ↓ = σ 1−P2
−→∇µ↓
(2)
where σ is defined as σ = σ↑ + σ↓, representing the
total conductivity, and P is the current polarization. The
charge current conservation imposes that
div(
−→
j↑ +
−→
j↓) = 0 (3)
what can be further merged with a spin relaxation pro-
portional to the spin accumulation in the following form:
div
(−→
j↑
)
= −div
(−→
j↓
)
= α (µ↑ − µ↓) = 1− P
2
4ρl2sf
(µ↑ − µ↓)
(4)
where ρ = 1/σ = 1/(σ↑ + σ↓) is the global resistivity
and lsf is the spin diffusion length.
4By combining equations 2 with 4, one recovers the well
known diffusion equation [17]:
4(µ↑ − µ↓) = µ↑ − µ↓
l2sf
(5)
For transparent interfaces, the continuity conditions
on the interfaces are imposed (continuity of the electro-
chemical potential), together with the normal spin cur-
rent densities continuity at the interfaces. The material
connecting the terminals is assumed to be long enough,
to have vanishing spin accumulation on the terminal side.
We typically choose this length to be at least three times
lsf and/or three times its width. The later allows the
charge current to be homogeneously spread over the sec-
tion of the wire far away from the interfaces. One thus
assumes the same polarization on terminal faces, than in
the bulk material:
j↑surf = 1+P2
I
A
j↓surf = 1−P2
I
A
(6)
The spin dependent transport can then be defined in
terms of the charge (jc) and spin (js) currents by the
mean and the difference of the electro-chemical poten-
tials:
−→
jc =
−→
j↑ +
−→
j↓ = σ
−→∇
(
µ↑+µ↓
2
)
+ Pσ
−→∇
(
µ↑−µ↓
2
)
−→
js =
−→
j↑ −−→j↓ = σ−→∇
(
µ↑−µ↓
2
)
+ Pσ
−→∇
(
µ↑+µ↓
2
) (7)
Mesh density: the evaluation of the optimum mesh
density is a very important aspect of the FEM simula-
tions. The results of the simulations can be significantly
changed when a too low tetrahedron number is used in
order to mesh a given geometry. This become important
especially in the case of geometries including right angles
and edges.
In our simulations, the distance between vertices at the
proximity of edges and right angles has been chosen to
be 1.2 nm, which corresponds to a number of 0.5 · 106
tetrahedrons for a non-magnetic channel of section 50
nm × 80 nm with a distance of 150 nm between the elec-
trodes. This ensures a low variation of the output signal
as shown in fig. 3b when increasing the mesh density
while keeping a reasonable computation time. The re-
fined meshing area extends to a distance of 120 nm from
the edges and right angles of the structure, and the dis-
tance between the vertices changes continuously to attain
a value of 30 nm outside the active part of the structure
(fig 3a). We checked that the output signal does not
depend on the distance between the vertices outside the
active part of the structure.
Figure 3. (a) Mesh density used for the simulations in the lat-
eral spin valves. The mesh density is larger in the active part
(center) of the device where the right angle points and edges
are concentrated. (b) Variation of the signal as a function of
mesh density (expressed by the total number of tetrahedrons).
The output signal corresponds to the spin signal obtained with
the 3D model using the Py/Al parameters with a geometry
representing a multi-level fabrication method. The spin signal
depends on the mesh density for low tetrahedrons number, and
stabilizes when the meshing is sufficiently refined. For repre-
sentation purposes, the length of the metallic wires have been
taken shorter than the ones used in the calculations.
Fitting using 3D model: In the 3D simulations, the
distribution of the charge current, the spin current and
the spin current accumulation have been calculated for
two magnetic configurations (parallel P and anti-parallel
AP). The spin signal amplitude has been reproduced by
taking the difference of the output signals for the two
states. In each case, the spin signal is evaluated from the
difference of electro-chemical potentials integrated on the
end surface of the voltage contacts (fig. 4). The contact
wires have to be long enough (several lsf ) to cancel spin
accumulation, so both up and down electro-chemical po-
tentials are equal to the pure electric potential. This
corresponds to the non-Local probe configuration setup
detection, where the voltage is probed between the right
side of the non-magnetic channel and the lower part of
the second ferromagnetic wire.
The charge current is injected in the left side of the
device through the first ferromagnetic wire and flows at
5(a)
(b)
Figure 4. FEM simulations results for a given geometry of
the nano-structure with (a) charge current jq injected at the
bottom of the ferro-magnetic electrode F1 (bottom part) and
drained out through the left side of a non-magnetic material,
and (b) spin current js, with the efficient absorption of F2,
reflecting the situation with RF < RN . Both jc and js are
displayed in the logarithmic scale.
the F1/N interface. It is then drained out on the left
side of N. This situation is represented in figure 4(a),
where the charge current jq is displayed using colored
arrows. Thus, the created spin accumulation diffuses in
the non-magnetic channel, creating the spin currents js.
The distribution of spin currents is represented in figure
4(b) for the case of the AP magnetic state.
The resulting spin accumulation distribution µa =
µ↑−µ↓ for the AP magnetic state is represented in figure
5(a-b), using the ISO-surface representation. Note that
two cases have been considered depending on either the
experimental data-points were extracted from the multi-
angle or from the multi-level nano-fabrication method.
Figure 5(a) stands for the case where the charge current
is injected into N through the top surface of the ferro-
magnetic electrode F1 which represents the multi-level
nano-fabrication method. Only the top surface is cleaned
before the deposition of the non-magnetic channel, and
the sides of F1 do not contribute to the current injection.
Figure 5(b) represents the case describing the multi-angle
nano-fabrication method where the active part of the de-
Figure 5. FEM simulations results of the spin accumulation
distribution µa = µ↑−µ↓ in a LSV on the longitudinal cut at
the center of N. The charge current is injected on the left side
of the ferro-magnetic material (F1) while the difference of the
spin accumulation (for a given magnetic state of the system
that can be parallel or anti-parallel) is measured between F2
and the right side of N. All values are displayed by using the
iso-surfaces representation in the logarithmic scale.
vice is evaporated in a single step, without breaking a
vacuum, and therefore all surfaces of contact between F
and N need to be taken into account in the current in-
jection process analysis.
Table II summarizes 3D model fitting results from fig.
2 for Py/Al, Py/Cu and Py/Au nano-structures, assum-
ing transparent interfaces. For all samples, the values for
the effective polarization Peff and spin diffusion length
lNsf are only slightly larger than the ones found with the
1D model. This validate the 3D simulations and confirms
the 1D approximation in our structures.
material Peff l
N
sf [nm] ρ[Ωnm] T [K]
Py/Al
0.24± 0.01 496 30 300
0.33± 0.01 1100 15 77
Py/Cu
0.24± 0.01 300 35 300
0.35± 0.01 900 25 77
Py/Au 0.27± 0.01 150 30 77
Table II. The 3D models fitting results of the lNsf and Peff
allowing to reproduce the experimental data-points.
V. SUMMARY FROM TWO MODELS
Parameters estimated using both above described char-
acterization methods (1D and 3D) are summarized in
table III. Both the Peff and lNsf values are in good agree-
ment with what can be found in literature for similar
nano-structures [22, 28–31].
The obtained values for the effective polarization and
the spin diffusion lengths obtained by 1D and 3D anal-
ysis are in good agreement. The slightly larger values
obtained with the 3D model for Peff may be due to the
6additional relaxation linked with the spatial extension of
the injector. This effect is not taken into account by the
1D model that assumes a point contact between the fer-
romagnetic electrodes and the non-magnetic channel [32].
This leads the 1D model to overestimate the spin-signal,
hence leading to a lower value for Peff .
At room and low temperature the lNsf values were found
to be highest for Py/Al, then for Py/Cu and finally for
Py/Au based devices. This means that at low tempera-
tures the spin currents propagate to longer distances in
Al than in Cu followed by Au channels. The effective
polarization also depends on the materials combination.
At low temperature, Peff is larger for Py/Cu and Py/Al
based devices than in the Py/Au based ones. This indi-
cates a better spin injection efficiency for the Py/Cu and
Py/Al interfaces.
material model Peff l
N
sf [nm] T [K]
Py/Al
1D 0.22± 0.01 450± 90
300
3D 0.24± 0.01 496
1D 0.32± 0.01 1100± 300
77
3D 0.33± 0.01 1100
Py/Cu
1D 0.22± 0.01 300± 60
300
3D 0.24± 0.01 300
1D 0.31± 0.03 900± 80
77
3D 0.35± 0.01 900
Py/Au
1D 0.26± 0.01 140± 30
77
3D 0.27± 0.01 150
Table III. Summary of the fit results from 1D and 3D models,
for Py/Al, Py/Cu and Py/Au sample sets.
VI. COMPARISON BETWEEN 1D AND 3D
MODELING
We have seen in the previous section that the FEM
simulations in our devices give consistent results for the
materials parameters when the devices are fabricated us-
ing the multi-level method. However, the 1D model as-
sumes a uniform distribution of the spin current across
the non-magnetic channel section. It has been observed
[33] that a variation of the non-magnetic channel cross
section can lead to a large variation of the predicted
spin signal. In order to further explore the agreement
of the 1D and 3D analysis, we compared the calculated
spin signal obtained by the 1D and 3D model when vary-
ing the channels cross section. Increasing the width wN
(fig. 6a) of the channel decreases the spin resistance of
the ferromagnetic injector, resulting in a reduction of
∆Rs ∝ 1/wN according to equation (1) due to a lower
spin injection efficiency [33]. On the other hand, an in-
crease in the thickness tN of the non-magnetic channel
leads to a reduction of the spin resistance mismatch,
eventually leading to a better spin injection. Never-
theless, this provide more room for the spin accumula-
tion to vanish without being detected, inducing the non-
Figure 6. Comparison of the predicted evolution of the spin
signal when varying the width (a) and the thickness of the
non-magnetic channel (b) for 1D and 3D modeling. The used
parameters have been obtained from 1D and 3D modeling for
Py/Cu at 77 K. The measurement contacts have been taken
on the same side of the device for the 3D model.
monotonic shape observed in fig. 6b. This large relax-
ation volume effect is not taken into account by the 1D
model, which explains the discrepancy with the 3D mod-
eling for tN > wN .
We observed overall a very good agreement between
the two models when varying the width of the non-
magnetic channel (fig 6.a), and a good agreement with
difference of less than 10% between the 1D and 3D pre-
dictions when varying the thickness of the non-magnetic
channel (fig 6.b).
This validate the use of the 1D model for LSVs fabri-
cated using the multi-level method even for large non-
magnetic channel width when its thickness is not too
wide. However, for thick non-magnetic channel the 3D
model should be used to obtain more accurate results. A
precise evaluation of the spin signal change when chang-
ing the cross section of the non-magnetic channel will be
a key element for the precise evaluation of the spin dif-
fusion length when taking into accounts spin-flip effects
at the non-magnetic channel surfaces [5].
7VII. CONCLUSIONS
In conclusion, we have analyzed the spin dependent
transport parameters of Py based LSV’s, having a spin
channel made of Al, Cu and Au at T=77 K and 300 K.
We compared the results obtained by the conventional 1D
analytical modeling of the spin transport across transpar-
ent interface to the results obtained by a 3D resolution of
the problem using Finite Element Modeling. The results
of both analyzes are consistent, which validates the use of
1D modeling for a fast extraction of the material param-
eters in the studied cases. This allows providing quite
robust material parameters lNsf and Peff , of LSVs with
Py electrodes and Al, Cu and Au non-magnetic channels,
and appears to be in quite good agreement with previ-
ous experiments found in literature. The development
of FEM of spin transport appears as an essential tool
for further use in devices with complex geometries where
1D modeling is a too strong assumption as observed in
the case of thick non-magnetic channel. In this paper,
we provide the key ingredients required for the develop-
ment of such FEM methods for studying diffusive spin
transport.
The devices were fabricated at RENATECH Grenoble.
We acknowledge financial support from the Agence Na-
tionale de la Recherche, ANR-16-CE24-0017 TOPRISE
and the Laboratoire d’Excellence LANEF (ANR-10-
LEBX-51-01).
[1] S. Datta, and B. Das. Electronic analog of the elec-
trooptic modulator". Applied Physics Letters, 56:665-
667, 1990.
[2] G Zahnd, L Vila, VT Pham, A Marty, C Beigné, C
Vergnaud, JP Attané Giant magnetoresistance in lat-
eral metallic nanostructures for spintronic applications
Scientific Reports 7 (1), 9553, 2017
[3] L. Wang Y. Otani H. Idzuchi, Y. Fukuma. Spin relax-
ation mechanism in silver nanowires covered with MgO
protection layer. Applied Physics Letters, 101(2):022415,
2012.
[4] T. Kimura, T. Sato, and Y. Otani. Temperature evolu-
tion of spin relaxation in a NiFe/Cu lateral spin valve.
Physycal Review Letter, 100(6):066602, 2008.
[5] M. Erekhinsky, A. Sharoni, F. Casanova, and I. Schuller.
Surface enhanced spin-flip scattering in lateral spin
valves. Applied Physics Letters 96(2):022513, 2010.
[6] J. Pearson, S.D. Bader, A. Hoffmann, G. Mihajlovic. Sur-
face spin flip probability of mesoscopic Ag wires. Physical
Review Letters, 104(23), 2010.
[7] S. Yakata, Y. Ando, and T. Kimura. Optimization of
interface condition for efficient spin injection in permal-
loy/cu lateral spin valve. TENCON 2010 - 2010 IEEE
Region 10 Conference, pages 126 –128, nov. 2010.
[8] J. Hamrle, T. Kimura, Y. Otani, K. Tsukagoshi, and
Y. Aoyagi. Current distribution inside Py/Cu lateral
spin-valve devices. Physycal Review B, 71:094402, Mar
2005.
[9] Y. Niimi, Y. Kawanishi, D. H. Wei, C. Deranlot, H. X.
Yang, M. Chshiev, T. Valet, A. Fert, and Y. Otani. Giant
spin hall effect induced by skew scattering from bismuth
impurities inside thin film CuBi alloys. Physical Review
Letter, 109:156602, Oct 2012.
[10] P. Łączkowski, L. Vila, S. Ferry, A. Marty, J.-M. George,
H. Jaffrès, A. Fert, T. Kimura, T. Yang, Y. Otani, and
J.-P. Attané. Spin signal in metallic lateral spin valves
made by a multiple angle evaporation technique. Applied
Physics Express, 4(6):063007, 2011.
[11] W. Savero Torres, A. Marty, P. Laczkowski, M. Jamet,
L. Vila, and J.-P. Attané. Calculation method of spin
accumulations and spin signals in nanostructures using
spin resistors. The European Physical Journal B (2018)
91:37.
[12] G. Zahnd, L. Vila, V. T. Pham, M. Cosset-Cheneau,
W. Lim, A. Brenac, P. Laczkowski, A. Marty, and J.-P.
Attané. Spin diffusion length and polarization of ferro-
magnetic metals measured by the spin-absorption tech-
nique in lateral spin valves. Physical Review B 98:174414
(2018).
[13] J.-C. Rojas-Sanchez, N. Reyren, P. Laczkowski, W.
Savero, J.-P. Attané, C. Deranlot, M. Jamet, J.-M.
George, L. Vila, and H. Jaffrès. Spin Pumping and In-
verse Spin Hall Effect in Platinum: The essential Role of
Spin-Memory Loss at Metallic Interfaces. Physical Re-
view Letters, 112:106602 (2014)
[14] Schreiber D.K. Liu Y. Pearson J.E. Bader S.D. Petford-
Long A.K. Hoffmann A. Mihajlovic, G. Enhanced spin
signals due to native oxide formation in Ni80Fe20/Ag
lateral spin valves. Applied Physics Letters, 97(11), 2010.
[15] S.O Valenzuela, M. Tinkham. Direct electronic measure-
ment of the spin hall effect. Nature, 442(7099):176–179,
2006.
[16] Kimura T. Otani Y. Yang, T. Giant spin-accumulation
signal and pure spin-current-induced reversible magneti-
zation switching. Nature Physics, 4(11):851–854, 2008.
[17] T. Valet and A. Fert. Theory of the perpendicular mag-
netoresistance in magnetic multilayers. Physical Review
B, 48(10):7099–7113, Sep 1993.
[18] S. Takahashi and S. Maekawa. Spin injection and de-
tection in magnetic nanostructures. Physical Review B,
67:052409, Feb 2003.
[19] S. Takahashi and S. Maekawa. Spin injection and trans-
port in magnetic nanostructures. Physica C: Supercon-
ductivity, 437(0):309, 2006.
[20] Estitxu Villamor, M Isasa, LE Hueso, and F Casanova.
Contribution of defects to the spin relaxation in copper
nanowires. Physical Review B, pages 1–10, 2013.
[21] T. Kimura and Y. Otani. Large spin accumulation in a
permalloy-silver lateral spin valve. Physical Review Let-
ter, 99(19):196604, Nov 2007.
[22] T. Kimura, T. Sato, and Y. Otani. Temperature evo-
lution of spin relaxation in a nife/cu lateral spin valve.
Physical Review Letter, 100:066602, Feb 2008.
[23] P. Laczkowski, L. Vila, V.-D. Nguyen, A. Marty, J.-P.
Attané, H. Jaffrès, J.-M. George, and A. Fert. Enhance-
ment of the spin signal in permalloy/gold multiterminal
nanodevices by lateral confinement. Physical Review B,
85:220404, Jun 2012.
[24] Taro Wakamura, Kohei Ohnishi, Yasuhiro Niimi, and
YoshiChika Otani. Large spin accumulation with long
spin diffusion length in cu/mgo/permalloy lateral spin
8valves. Applied Physics Express, 4(6):063002, 2011.
[25] Christophe Geuzaine and Jean-Franccois Remacle.
Gmsh: a three-dimensional finite element mesh gener-
ator with built-in pre- and post-processing facilities.
[26] P. Dular and C. Geuzaine. GetDP reference manual: the
documentation for GetDP, a general environment for the
treatment of discrete problems. http://www.geuz.org/
getdp/.
[27] P. Dular, C. Geuzaine, A. Genon, and W. Legros. An
evolutive software environment for teaching finite ele-
ment methods in electromagnetism. IEEE Transactions
on Magnetics, 35(3):1682–1685, May 1999.
[28] M. V. Costache, M. Zaffalon, and B. J. van Wees. Spin
accumulation probed in multiterminal lateral all-metallic
devices. Physical Review B, 74:012412, Jul 2006.
[29] F. J. Jedema, M. S. Nijboer, A. T. Filip, and B. J. van
Wees. Spin injection and spin accumulation in all-metal
mesoscopic spin valves. Physical Review B, 67(8):085319,
Feb 2003.
[30] Hoffmann A. Jiang J.S. Pearson J.E. Bader S.D. Ji, Y.
Non-local spin injection in lateral spin valves. Journal of
Physics D: Applied Physics, 40(5):1280–1284, 2007.
[31] T. Kimura, J. Hamrle, and Y. Otani. Estimation of spin-
diffusion length from the magnitude of spin-current ab-
sorption: Multiterminal ferromagnetic/nonferromagnetic
hybrid structures. Physical Review B, 72:014461, Jul
2005.
[32] P. Laczkowski, H. Jaffrès, W. Savero-Torres, J.-C. Rojas-
Sanchez, Y. Fu, N. Reyren, C. Deranlot, L. Notin, C.
Beigné, J.-P. Attané, L. Vila, J.-M. George, and A.
Marty. Evaluation of spin diffusion length of AuW alloys
using spin absorption experiments in the limit of large
spin-orbits interactions. Physical Review B, 92:214405
(2012).
[33] T. Kimura, and Y. Otani. Spin transport in lateral fer-
romagnetic/nonmagnetic hybrid structures. Journal of
Physics Condensed Matter, 19:165216 (2007).
